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By virtue of its capacity to serve as a counter-receptor 
for lyntphocyte function-associated antigen-1. inter­
cellular adhesion molecule-1 (ICAM-1) plays a pivotal 
role in generation and maintenance of immunologic! 
inflammatory skin diseases by mediating leukocyte! 
keratinocyte adhesion. Ultraviolet radiation (UVR) 
may exert both antiinflammatory effects (e.g .• UV 
phototherapy) and proinflammatory effects (e.g., 
triggering of photosensitive skin diseases) on human 
skin. Recent evidence indicates that UVR-induced 
changes of keratinocyte ICAM-1 expression consti­
tute the molecular basis for these ambivalent prop­
erties of UVR, as UVR is able to exert two separate 
and even opposite effects on ICAM-1 expression. As 
an antiinflammatory effect, UVR may inhibit cyto­
kine-induced up-regulation of keratinocyte ICAM-1 
expression, whereas induction of ICAM-1 expression 
by UVR represents a proinflammatory activity. This 
latter effect is mediated by an autocrine mechanism 
involving interleukin (IL)-1a. In this autocrine sys-
U ltraviolet radiation (UVR) exposure has a major impact on the generation as well as the course of inflammatory/immunologic reactions in human skin [1]. By using short-wave UVR (UVB; 280-320 nm) and/or long-wave UVR (UVA1; 340-
400 nm) as a therapeutic tool, inflammatory skin diseases including 
psoriasis and atopic dermatitis may be efficiently treated [2,3]. On 
the other hand, UVB radiation (UVBR) and/or UV A 1 radiation 
(UV A1R) are well-known triggers for a variety of photosensitive 
skin diseases, such as polymorphous light eruption and lupus 
erythematosus [4,5]. In recent years, substantial progress has been 
made in understanding the molecular basis of these ambivalent 
effects associated with UVR exposure. In this regard, studies on the 
photoimmunologic and photobiologic mechanisms operative in the 
regulation of the expression of intercellular adhesion molecule-l 
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tern, UVR exposure of human keratinocytes leads to 
the release of IL-1a, which in turn up-regulates the 
expression of IL-1 receptor type 1 molecules on the 
keratinocyte surface, thereby increasing the sensitiv­
ity of these cells toward IL-1a. As a consequence, 
irradiated keratinocytes are capable of responding to 
endogenously produced IL-1a by increasing ICAM-1 
expression. Modulation of keratinocyte ICAM-1 ex­
pression after UVR exposure may be observed after 
both short-wave UVR (UVB; 280-320 nm) and long­
wave UVR (UVA1; 340-400 nm). The photobiologic 
mechanisms underlying UVB versus UV At radiation­
induced ICAM-1 modulation have been found to 
differ. Although not completely delineated, UVB 
radiation-induced modulation of ICAM-1 expression 
appears to he mediated via the induction of DNA 
damage, whereas UV At radiation effects involve the 
generation of reactive oxygen intermediates. ] Invest 
Dermatol 105:67S-70S, 1995 
--
--- -------------
(ICAM-1) by UVR are of particular interest. Identical doses of 
UVBR or UV A 1 R may exert either anti- or proinflammatory 
effects at the level of ICAM-l expression. Thus, UVR-induced 
modulation of ICAM-l expression represents a photoimmunologic 
model system to study the ambivalent nature of UVR-induced 
immunomodulation. 
Keratinocyte ICAM-l expression is an important prerequisite for 
the physical interaction of keratinocytes with leukocytes, and 
down- or up-regulation of JCAM-1 expression produced by UVR 
profoundly affects the course of inflamma tory /immune responses in 
the skin [6-8]. Accordingly, UVR may inhibit cytokine-induced 
keratinocyte ICAM-l expression both ill !litro and ill !lillO, * and this 
antiinflammatory effect is thought to account for the elfectiveness of 
UVR phototherapy in inflammatory skin diseases [9,10]. On the 
other hand, induction of keratinocyte ICAM-l expression by UVR 
has he en proposed to represent an important trigger mechanism 
that may have relevance in the pathogenesis of photosensitive lupus 
-- --- ------
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erythematosus and polymorphous light eruption [5,7,10,11]. In 
this review, we summarize the current knowledge about the 
mechanisms by which UVER and UVA 1 R regulate ICAM-l 
expression. From these studies, a more generalized concept 
emerges concerning the molecular basis of UVBR- versus 
UVAIR-induced immunomodulation, in which UVBR exerts 
its effects Ilia the induction of DNA damage, whereas UVAIR­
induced immunomodulation involves the generation of reactive 
oxygen intermediates. 
UVR INHIBITS THE CYTOKlNE-INDUCED EXPRESSION 
OF ICAM-l 
Keratinocyte ICAM-1 expression is markedly enhanced upon stim­
ulation of cells with the proinflammatory cytokines interferon 
(IFN)-y and tumor necrosis factor (TNF)-a, and this up-regulation 
may be efficiently blocked both ill vitro and in vivo* if keratinocytes 
are exposed to sublethal doses of UVBR before cytokine stimula­
tion [9,10]. Further characterization of this antiinflammatory effect 
revealed that UVER inhibited ICAM-l expression at a pretransla­
tional level by suppressing IFN-y-induced up-regulation of 
ICAM-l mRNA steady-state levels* [12]. In addition, UVBR­
induced inhibition of keratinocyte ICAM-l expression was found 
to be transient in nature [12]. This conclusion was derived from ill 
vitro as well as ill I';VO* studies demonstrating that cytokine-induced 
ICAM-l mRNA and protein expression were inhihited by UVER 
if irradiated cells were stimulated with cytokines immediately after 
UVBR exposure. In contrast, cytokine stimulation effectively up­
regulated ICAM-1 expression in irradiated cells if cytokines were 
added after a certain period following UVB irradiation. Specifically, 
restoration of cytokine responsiveness in irradiated cells was ob­
served for IFN-y as early as 12 h after irradiation, whereas 
restoration of TNF-a responsiveness required a longer restoration 
period of 24-48 h [12]. Delayed restoration ofTNF-a responsive­
ness in irradiated keratinocytes was most likely due to UVBR­
induced modulation of keratinocyte expression of the 55-kD tumor 
necrosis factor receptor (TNFR). This receptor molecule, which 
mediates TNF-a-induced ICAM-l expression in human keratino­
cytes, was down-regulated in UVB-irradiated keratinocytes shortly 
(0-12 h) after UVER exposure by an autocrine mechanism involv­
ing the ligand TNF-a itself, whereas 24 h after irradiation, 55-kD 
TNFR expression was restored [13 ,14]. The UVE doses required to 
modulate 55-kD TNFR and ICAM-l expression in keratinocytes 
were identical, and the time courses of both UVBR-induced 
regulatory events are consistent with a cause-effect relation. It is 
therefore probable that down-regulation of 55-kD TNFR expres­
sion contributes to the failure of UVB-irradiated, TNF-a-stimu­
lated keratinocytes to up-regulate ICAM-t expression, whereas 
55-kD TNFR reexpression at 24 h at least partially explains 
restoration of TNF-a responsiveness in irradiated cells. In contrast 
to TNF-a, IFN-y is not produced by UVE-irradiated keratinocytes, 
and thus, IFN-y-mediated down-regulation of IFN-y receptors in 
irradiated keratinocytes does not occur. These differences in the 
kinetics of cytokine receptor expression may explain the earlier 
restoration of IFN-y responsiveness as compared with TNF-a 
responsiveness. 
From a phototherapeutic point of view, it is remarkable that after 
restoration of cytokine responsiveness in irradiated keratinocytes, 
UVBR-induced inhibition of cytokine-mediated ICAM-l expres­
sion could be reinduced both ill vitro and ill vivo* by subsequent 
UVBR exposures. Taken together, these ill vitro and ill 1'ivo 
observations indicate that UVER-induced inhibition of cytokine­
mediated up-regulation of keratinocyte ICAM-l expression ac­
counts at least in part for the effectiveness of UV phototherapy in 
inflammatory skin diseases. 
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INTERLEUKIN (IL)-la MEDIATES UVR-INDUCED 
KERATINOCYTE ICAM-l EXPRESSION BY AN 
AUTOCRINE MECHANISM INVOLVING IL-l 
RECEPTOR TYPE I 
In addition to suppressing cytokine-mediated ICAM-I expression, 
UVBR was found to up-regulate constitutive ICAM-I expression 
in human keratinocytes ill vitro as well as ill vi1'ot [10,12 ]. UVR­
induced up-regulation of keratinocyte ICAM-l expression required 
a 24-48-h incubation period, indicating an indirect, possibly 
autocrine mechanism. In keeping with this hypothesis was the 
observation that UVER-induced ICAM-l expression could be 
mimicked in unirradiated, transformed human keratinocytes (KB 
cells) if these cells were cultured in the presence of conditioned 
medium that had been harvested from UVE-irradiated cells [12]. It 
is interesting that addition of neutralizing antibodies directed 
against TNF-a to conditioned medium and/or to UVB-irradiated 
keratinocytes (KB cells as well as normal human keratinocytes) 
failed to hlock this ICAM-I-inducing activity, although in the same 
experiments these antibodies were highly efficient in inhibiting 
several other autocrine effects, which were mediated by UVER­
induced, endogenously produced TNF-a [14,15J. The failure of 
TNF-a to mediate UVBR-induced ICAM-l expression could not 
be explained by UVBR-induced modulation of keratinocyte 55-kD 
TNFR expression, because at this later time point (24- 48 h after 
irradiation), 55-kD TNFR expression was not only restored, but 
was even increased above baseline levels in UVB-irradiated cell> 
[14]. From these studies, it was concluded that UVER-induced 
ICAM-l expression was mediated by a soluble factor, which wa, 
produced in increased amounts by keratinocytes after UVER 
exposure and which was distinct from TNF-a. 
Recent studies using long-term cultured, normal human kerati­
nocytes have demonstrated this mediator to be identical to the 
cytokine IL-la,:J: which mediates UVER-induced ICAM-1 expres­
sion 1'ia an autocrine mechanism involving two consecutive step' 
(Fig 1). In a first step (0-24 h after irradiation), UVER-induced. 
endogenously produced IL-la was found to increase keratinocyte 
expression of the IL-l receptor type 1 (IL-l RI). § The IL-J RI is the 
receptor molecule responsible for signaling IL-l-mediated effects in 
human keratinocytes, and IL-la-induced up-regulation of IL-IRI 
expression in keratinocytes leads to a markedly increased capacity 
of human keratinocytes to respond to IL-1a. This increase in IL-1 
responsiveness was found to be an indispensable prerequisite for 
keratinocytes to be able to up-regulate ICAM-l expression after 
IL-la stimulation. Accordingly, IL-la failed to induce ICAM-l 
expression in resting, unirradiated keratinocytes, but was able to do 
so if keratinocytes were either UVE irradiated:J: or left unirradiated 
but primed with IL-la to increase IL-IRI expression.§ There is 
increasing evidence that under certain conditions, human keratino­
cytes may also express IL-1 receptor type II (IL-1RII).§ In contrast 
to IL-1RI, which functions as the signaling receptor for IL-1, 
IL-1RII serves as a decoy receptor by limiting rather than promot­
ing IL-l-mediated responses [16]. Under in vitro conditions, we 
have not been able to detect IL-lRII expression in unirradiated or 
irradiated normal human keratinocytes.§ This was in contrast to 
transformed keratinocytes, in which IL-IRII expression was rapidly 
induced by UVBR.§ Moreover, UVBR-induced IL-1RII up-reg­
ulation did not prevent, but clearly limited, UVBR-induced 
ICAM-l up-regulation. The nonsignaling IL-IRII appears to be 
expressed in human skin in more differentiated keratinocytes, the 
t Norris DA, Bennion SD, Middleton MH: Further definition of the 
effects of ultraviolet light on ICAM-l (CD54) expression by human 
keratinocytes (abstr).) iIlllest Denllato/ 94:560, 1990. 
t KrunnalmJ, Trefzer U, Kapp A, Sch6pfE. Luger TA: Interleukin-la, but 
not tumor necrosis factor a, mediates ultraviolet B rarnation-induced ICAM-l 
expression in human keratinocytes (abstr).) ]'lJIest Dern1ato/ 98:578, 1992. 
§ Grewe M. Gyutko K, Budnik A. Olaizola-Horn S, Krutmann J: 
Expression. regulation, and function of interleukin 1 receptors type I and II 
in nonnal and transfonned human keratinocytes (manuscript submitted for 
publication). 
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Figure 1. Mechanism of UVBR-induced up-regulation of keratino­
cyte ICAM-l expression. Upon irradiation, keratinocytes secrete IL-la, 
which hinds in an autocrine manner to IL-lRI, which in tum leads to increased 
synthesis and expressiun uf IL-llU molecules (first step). Up-regulation of 
JL-1RI expression increases the sensitivity ofkeratillocytes toward IL-Ia, and 
these cells are now able to respond to endogenously produced IL-l a by 
up-regulating ICAM-l mRNA and surface expression (second step). 
cells that receive the largest UV dose [17]. It is therefore tempting 
to speculate that within the upper layers of the epidermis, IL-l RII 
may help to prevent overshooting responses to UVBR-induced 
IL-1 ex. In keeping with this hypothesis is the observation by 
Bennion et al that keratinocyte ICAM-1 expression in UV -irradi­
ated skin or in lesional skin of patients with subacute cutaneous 
lupus erythematosus does not follow a UV dose-dependent gradi­
ent, but rather is diffuse throughout the epidermis.'\! Further studies 
are required to determine the role of IL-1 ex for UVR-induced 
ICAM-l expression ill vivo in human skin. In this regard, it will be 
of particular interest to assess whether the same two-step, IL-IO'­
mediated autocrine loop identified ill pitro will also mediate UVR­
induced keratinocyte ICAM-l expression in UVR-triggered skin 
diseases such as polymorphous light eruption and lupus erythematosus. 
UVER AND UVA1R BOTH AFFECT ICAM-1 EXPRESSION 
ALTHOUGH BY DIFFERENT PHOTOBIOLOGIC 
' 
MECHANISMS 
Biphasic modulation of keratinocyte ICAM-l expression, i.e., 
inhibition of cytokine-induced ICAM-1 up-regulation early after 
UVR exposure and induction of constitutive ICAM-1 expression at 
later time points, could be observed not only upon exposure of cells 
to UVER, but also upon irradiation with long-wave UV AR 
(UVA1; 340- 400 nm). ** Although the immunologic mechanisms 
involved in UVBR-induced and UVAIR-induced modulation of 
ICAM-l expression were found to be essentially identical, it now 
appears that the photobiologic processes underlying these immu­
noregulatory events differ markedly. In this regard, a key observa­
tion was made when UVA 1 R-induced modulation of ICAM-l 
expression was compared in normal l'erSIIS transformed human 
keratinocytes. Specifically, UV A 1 R was perfectly capable of mod­
ulating ICAM-1 expression in normal keratinocytes, but failed to 
'II Bennion SO, Middleton MH, David-Bajar KM, Brice S, Norris DA: 
Varied patterns of epidermal intercellular adhesiun molecule-l (ICAM-l ) 
expression in three diseases indicate different triggers of disease. J IIIl'cst 
Deflllatof (in press). 
** Olaizola-Horn S, Grether-Beck S, Christuph H, Budnik A, Luscher P, 
Grewe M, Tyrrell RM, Krutmann J: Ultraviolet Al radiation induced 
immunomodulation is mediated via the generation of singlet oxygcn: UV A I 
radiation effects on keratinocyte ICAM-! expression (manuscript submitted 
for publication). 
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Figure 2. The proposed photobiologic mechanism of UV A1R­
induced up-regulation ofkeratinocyte ICAM-1 expression. UVAIR 
leads to the generation of free oxygen intermediates, which either directly 
and lor pia the gcneration of lipid peroxides induce rCAM-1 mRNA and 
surface expression. SOD, superoxide dismutase; GSH, glutathione. 
do so in transformed cells. ** In contrast, UVBR regulated ICAM-l 
expression in both normal and transformed keratinocytes, indicat­
ing that normal human keratinocytes were sensitive to both 
UVBR- and UVA1R-induced immunomodulation, whereas trans­
fomled cells were sensitive only to UVBR-, and not to UV AIR­
induced modulation of ICAM-I expression. 
The availability of UVAIR-resistant and UVA1R-sensitive ke­
ratinocyte populations allowed us to study further the photobio­
logic mechanisms underlying UV A 1 R-induced modulation of 
rCAM-1 expression. Studies on the nature of the resistance of 
transformed human keratinocytes towards UV AIR-induced immu­
Ilomodulation revealed that the capacity of UV AIR to exert 
regulatory elfects on the expression of ICAM-l in human kerati­
nocytes strictly depended on the thiol state of the irradiated cell. 
Accordingly, UVAIR-resistant, transformed human keratinocytes 
had a threefold higher content of endogenous glutathione as 
compared with nonnal keratinocytes. Even more important, reduc­
tion of endogenous glutathione levels rendered UVAIR-resistant 
keratinocytes UV A 1 R sensitive, and these cells behaved essentially 
the same as normal human keratinocytes with regard to UVAIR­
induced ICAM-l expression. ** 
This finding prompted us to analyze the involvement of reactive 
oxygen intermediates in UV Al R-induced immunomodulation by 
exposing keratillocytes to UV A 1 R in the presence of substances 
that either inhibited or enhanced the formation of reactive oxygen 
species. From these studies, it appeared that UVAIR-induced 
modulation of keratinocyte rCAM-l expression was primarily 
mediated hy the generation of singlet oxygen. * * In addition, 
circumstantial evidence exists that UV AIR-induced lipid peroxi­
dation may be involved in UVAIR-induced modulation of 
rCAM-l expression, as treatment of keratinocytes with vitamin E 
was found to inhibit both UV AIR-induced lipid peroxidation and 
UVAIR-induced ICAM-1 induction in human keratinocytes.** 
Based on these experiments, we propose that UV AIR-induced 
modulation of human keratinocyte ICAM-l expression is mediated 
via the generation of reactive oxygen intermediates, in particular 
singlet oxygen, which either directly andlor via the generation of 
lipid peroxides may influence the transcriptional control of the 
ICAM-l gene (Fig 2). Whether identical mechanisms also account 
for other UVAIR-induced immunomodulatory effects (e.g., cytokine 
production) in human keratinocytes remains to be determined [18]. 
The fact that UVER, in contrast to UV AIR, was capable of 
regulating ICAM-l expression in both normal and transformed 
human keratinocytes indicated that UVBR-induced immunomodu-
70S KRUTMANN AND GREWE 
UVB 
lFN --y 
ICAW-l 
mRNA 
-.l 
....... 
lCA - 1  
-�-�mRNA 
Figure 3. A possible model for the role of DNA damage in UVBR­
induced inhibition ofICAM-l expression. Constitutive ICAM-l mRNA 
and surface expression in human keratinocytes is low, but may be significantly 
induced upon stimulation of unirradiated cells with IFN-y (bottom). Induction of 
DNA damage in keratinocytes by UVBR effectively prevents IFN-y-mediated 
up-regulation of ICAM-l mRNA and surface expression (top). 
latory eifects did not depend on glutathione levels in keratinocytes, 
and thus involved mechanisms alternative to those identified for 
UV AiR-induced ICAM-l regulation. In studies comparing nornlal 
cells and xeroderma pigmentosum cells, which are deficient in 
DNA excision repair, we have observed that generation of DNA 
photoproducts was required for the ability of UVBR to inhibit 
cytokine-mediated ICAM-l up-regulation (Fig 3) [19]. Specifi­
cally, dose-response experiments revealed that in xeroderma pig­
men to sum cells, 2-3-fold lower UVBR doses were required to 
inhibit IFN--y--induced ICAM-l up-regulation to an extent equiv­
alent to that observed in normal cells [19]. In addition, in xero­
derma pigmentosum complementation group D cells, no restora­
tion of IFN-y responsiveness was observed for up to 48 h after 
exposure, but responsiveness was restored in xeroderma pigmen­
tosum complementation group C cells after 24 h. This was in 
marked contrast to normal cells, in which inhibition of IFN--y-­
induced ICAM-l expression was restored 12 h after UVBR 
exposure [19 J. Ongoing studies are directed at assessing the fol­
lowing: 1) the involvement of a specific photoproduct in UVBR­
induced irnmunomodulation, and 2) whether the generation of 
photoproducts per se or rather the formation of DNA excision 
products or the activation of repair processes is required for 
UVBR-induced modulation of ICAM-l expression. These studies 
corroborate and extend previous work in animal models that 
suggested the relevance of DNA as a chromophore for UVBR­
induced immunomodulation [20-22]. At present, however, it is not 
possible to exclude that target molecules outside of the nucleus and 
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present within the cytoplasm may additionally contribute to 
UVBR-induced immunomodulatory eifects [23,241. 
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